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[57) ABSTRACT

A digital-to-analog converter is disclosed which has a
plurality of integrated injector logic (I2L) stages each of
which receives a single bit of an input digital signal. The
output or inverter transistor of each I?L stage has a
number of collector electrodes arranged to weight the
output of each stage in accordance with the significance
of the digital bits supplied thereto. The output signals
from each respective I2L stage are combined to pro-
duce an analog output signal. Additional a- and S-
adjusting circuits are incorporated in each stage to add
stability to the D/A converter.
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1
DIGITAL-TO-ANALOG CONVERTER

BACKGROUND OF THE INVENTION

(1) Field of the Invention

This invention relates generally to digital-to-analog
converter circuitry and particularly to a digital-to-
analog (ID/A) converter which uses integrated-injec-
tion-logic (I2L). |

(2) Description of the Prior Art

Digital-to-analog converters are common in the prior
art. Integrated injection logic (I2L) circuitry is also
known 1in the art and used in applications where in-
creased denstty of circuitry is desirable.

In the prior art D/A converter circuits often have
had problems of stability. Further, such circuits re-
quired stabilization by use of capacitances to prevent
oscillation. Such a requirement decreases the density of
Integration insofar as capacitances require larger areas
In circuit integration.

SUMMARY OF THE INVENTION

It 1s an object of this invention to produce a simplified
D/A converter of high stabilization and accuracy. The
present mnvention is a D/A converter used to convert
input digital signals comprised of a plurality of bits to an
output analog signal. The D/A converter includes a
plurality of integrated injection logic (I2L) circuits,
each having an output transistor with an emitter elec-
trode, base electrode and a plurality of collector elec-
trodes, a constant current source connected to the base
electrode of the output or inverter transistor, a refer-
ence voltage being applied to the emitter electrode of
the inverter transistor and one of the plurality of collec-
tor electrodes being connected to the base electrode of
the inverter transistor. Each bit of the input digital
signal 1s applied to the base electrode of the inverter
transistor of a respective I2L. circuit and the output
coliector terminals of the respective I2L circuits are
connected together for producing an output analog
signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a basic I?L circuit used in the present
invention;

FIG. 2 shows a first preferred embodiment of the
D/A converter of the present invention;

FI1G. 3 shows the relationship between the collector-
emitter breakdown voltage, base open, and the current
amplification factor 8.

FI1G. 4 shows a modified version of the embodiment
shown in FIG. 3.

FIG. 5 shows a further modified embodiment of the
present imvention.

FIGS. 6A and 6B show yet another modified embodi-
ment of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring now to FIG. 1 there is shown a basic I2L
circuit which is configured to be used in the D/A cir-
cuit of the present invention. The I?L circuit consists of
two transistors, namely a PNP type lateral transistor Q1
and a NPN type vertical transistor Q2. Transistor Q1
acts as an injector transistor and transistor Q2 acts as an
inverter transistor in the I2L circuit.

The 1njector transistor Q1 has base 2, emitter 4 and
collector 6. Emitter 4 is connected to a first power

10

2

supply terminal 8 through a constant current source 10.
Base 2 1s connected to second power supply terminal 12.

The inverter transistor Q2 has base 14, emitter 16, and
a plurality of collectors 18. In the circuit of FIG. 2 the
inverter transistor Q2 has three collector electrodes 18.
One of the collector electrodes 18 of inverter transistor
Q2 is connected to base 14. The remaining two collec-
tors of electrode 18 are connected to output terminal 20
and are referred to as the output collector electrodes.
The emitter 16 of injector transistor Q2 is connected to
the second power supply terminal 12.

Assuming that equal current flows in each of the
three collector electrodes 18 of inverter transistor Q2,

. the current at base electrode 14 of transistor Q2 can be
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expressed by the following equation:

3
Br ) =l
wherein,

ap: base common current gain of transistor Q1.

I;n: Injector current, namely the current of constant
current source 10.

B emitter common current gain of inverter transis-
tor Q2.

I.: collector current of transistor Q2.

The output current Ipy7 of inverter transistor Q2 is:

(1)

Qp - Iy = (1 -+

lToyr=2I, (2)
Assuming that the base common current gain a,=1
and the emitter common current gain 3,=infinity, the
collector current I. and the injector current Iyn are
equal. Therefore, the output current Ipyr can be ex-
pressed by the following equation:
lour=2IIn (3)
In the I2L circuit of FIG. 1, the output current loyr
1s determined and weighted in accordance with the
number of output collector electrodes 18 of the inverter
transistor Q2. The number of output collector elec-
trodes for the inverter transistor Q2 of each stage of the
D/A converter can be different thereby allowing for a
different weighting of the signal applied to each stage.
For instance, the first stage can have one output collec-
tor electrode 18, the second stage can have two output
collector electrodes 18, the third stage can have four
output collector electrodes 18, and the fourth stage can
have eight output collector electrodes 18. Thus the
output current Ioy71s the summation of the individual
outputs of each stage, 1.e., I;n+2I;n+41;v+81n. In
the above example of a four stage D/A converter, the
output current Ioyris weighted in a binary sense.
Referring to FIG. 1, a binary signal can be applied to
the input terminal 22. When a high level logic signal is
applied to terminal 22, converter transistor Q2 conducts
and output current Ipyr appears at terminal 20. When
the input voltage V is at a low level, the inverter transis-
tor Q2 1s cut off and no output current appears at termi-
nal 20. Thus when multiple stages are connected to-
gether, each stage representing a separate bit of the
input digital signal, the output signal will be an analog
equivalent signal.
F1G. 2 shows a preferred embodiment of the present
invention for processing a 4 bit digital input signal. The
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4 bits are applied to the respective input terminals 30,

32, 34 and 36. Transistors Q12, Q22, Q32 and Q42 are

the respective inverter transistors of the first, second,
third and fourth stages of the D/A converter. Each
respective transistor has two, three, five and nine col-
lector electrodes 38, 40, 42 and 44. Since each of the
inverter transistors Q12, Q22, (32 and Q42 have a sin-
gle collector electrode connected to its base, the num-

ber of output collector electrodes is 1, 2, 4 and 8 respec-
tively for the four stages. These output collector elec-

trodes 38, 40, 42 and 44 are all connected to output
terminal 46.

Transistors Q11, Q21, Q31 and Q41 are respectively
the injector transistors of the first, second, third and
fourth stages. The collector electrodes 48, 50, 52 and 54
are connected to the respective base electrodes 56, 58,
60 and 62 of inverters Q12, Q22, Q32, and Q42. The
emitter electrodes 64, 66, 68 and 70 of the respective
injector transistors Q11, Q21, Q31 and Q41 are con-
nected to the first power supply terminal 72 through
respective current sources 74, 76, 78 and 80. Each con-
stant current source 1s designed to supply a current Iy
to each injector transistor. The base electrodes 82, §4,
86 and 88 of the respective injector transistors Q11,
Q21, Q31 and Q41 are connected to the second power
supply terminal 90.

The inverter transistors Q12, Q22, Q32 and Q42 are
supplied with input digital signals V1, V2, V3 and V4 at
their respective base electrodes. These input signals
correspond to the bits of a 4 bit digital signal. In the
D/A converter 2, the V4 signal 1s the most significant
bit (MSB), V3 is the second most significant bit, Vis the
third most significant bit, and V| is the least significant
bit (L.SB).

As described above, the number of output collector
electrodes for each output inverter transistor Q11, Q21,
Q31 and Q41 are 1, 2, 4 and 8 respectively. Conse-
quently, the output current Ip; to Ip4 of the respective

transistors are weighted as follows:
lor=1Iin

lpa=2IN
lIo3=41N

loa=8I1N (4)

The current I flowing through load R which is con-
nected between output terminal 46 and the first power
supply terminal 72, is the summation of the output cur-
rents Io1, loz, Io3, and Igs4 from inverter transistors Q12,
Q22, Q32 and Q42. Thus the analog output current I can
be expressed as follows:

I=ay-lg1 +a3-Ioy+a3lps + ailos=(2%ay +21ay +2-
2a3=2%ag)-IIN

(5)
Wherein coefficients a) and a4 are determined accord-
ing to the level of input digital signals V|-V4. For in-
stance when digital signal V) is at a high level, a; is 1
and when V1s at a low level, ayis zero. This is likewise
true for each of the other coefficients aj, a3 and aa.
The output analog voltage Vopy7generated at load R
by the output current 1 can be expressed as follows:

Vonr:(ZD-a} +2]a2+22-a2+23a3)I;NR (6)

where R is the resistance value of load R.
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- It is clear then that the relationship between the digi-
tal input signal and analog output signal is shown in
table 1 below.

TABLE 1
DIGITAL INPUT ANALOG QUTPUT

a4 a3 a7 aj VYour

0 0 0 0 0

0 0 0 I

0 0 l 0 2

0 0 1 | 3

0 ] 0 0 4

] 0 0 0 3

i ] | [ 16

In Table 1 the analog output signal Voyr represents
I;aX R 1n equation 6 above. As shown in Table 1, the 4
bit D/A converter of FIG. 2 operates to convert the
input signal to its analog equivalent.

It 1s possible to increase the number of bits to be
processed by the D/A converter by increasing the num-
ber of I;L circuit stages of FIG. 1. It 1s necessary to
collect the number of output collector electrodes of the
respective output inverter transistor of each I;L circuit
stage 1n accordance with the relative significance of the
bit of the digital signal.

One disadvantage of using I>L circuits is that the
breakdown voltage of the output inverter transistor is
normally only several volts.

The collector-emitter breakdown voltage (base open)
BV ceop of the output transistor of an I2L circuit varies
inversely with the current amplification factor g of the
transistor. FIG. 3 shows the general relationship be-
tween the current amplification factor 8 and the output
withstand voltage BV cgo of the output transistor of the
2L circuit. The lines 100 and 102 provide the approxi-
mate range of values of the current amplification factor
for particular values of collector-emitter breakdown
voltage BV cgp. For example, if 8 equals 10, then
BV cro is approximately 10 volts. If 8 is an order of
magnitude greater, i.e., 100, then BV cgo i1s approxi-
mately 2 volts. Since a conventional I2L circuit is de-
signed so that the output withstand voltage BV g is
about 2 volts or lower, it 1s not possible to obtain an
output signal with a large amplitude from such an I?L
circuit.

The embodiment shown in FIG. 4 overcomes the
above problem. In the D/A converter of FIG. 4, an
additional transistor Q100 is interposed between the
output terminal 106 and the load R. Otherwise, this
embodiment is substantially identical to that of FIG. 2.

Transistor Q100 is of a conventional transistor con-
struction. Consequently, transistor Q100 has a higher
breakdown voltage than the output transistors in the
[’L stages. A reference voltage V,ris applied to the
base 108 of transistor Q100. V ,.r1s typically 1.4 volts. By
providing the reference voltage V,.rto the base of tran-
sistor Q100, the emitter .voltage of transistor Q100, i.e.,
the collector voltages of output transistors Q12, Q22,
Q32 and Q42 are regulated. As a consequence, an out-
put signal can be obtained having a large logical ampli-
tude.

F1G. S shows still another preferred embodiment of
the present invention. The D/A converter of FIG. 5 has
four stages, each of which is equipped with an a-adjust-
ing circuit 112. The respective output adjusting circuits
112 include transistors Q13, Q23, Q33 and Q43.

Looking at the first stage, Q13 has its emitter con-
nected through current source 114 to the power supply
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terminal 72 and its collector connected to the power
supply terminal 90. The base of transistor Q13 is con-
nected to collector 48 of transistor Q11. Each of transis-
tors Q23, Q33 and Q43 are similarly connected in the

second, third and fourth stages of the D/A converter of 5

FIG. 5. Transistor Q23 has its emitter connected
through constant current source 116 to terminal 72, its
collector connected to power supply terminal 90 and its
base connected to collector 50 of transistor Q21. Tran-
sistor Q33 has its emitter connected through constant
current source 118 to power supply terminal 72, its
collector connected to second power supply terminal
90 and its base connected to collector 52 of transistor
31. Finally transistor 43 has its emitter connected
through constant current source 120 to power supply
terminal 72, its collector connected to power supply

10

15

terminal 90 and its base connected to collector 54 of -

transistor Q41.

The purpose of adjusting circuits 112 is to maintain
the a of the injector transistors Q11 through Q41 sub-
stantially at 1.0. Because of the effect of the base current
of each of the respective injector transistors, a normally
1s not maintained at 1.0. By adding the additional tran-
sistors Q13 through Q43 (assuming that the emitter
current of the respective transistors Q13-Q43 is equal to
that of the injector transistors Q11-Q41) an equal base
current from the a adjusting transistors is added to the
collector current of the respective injector transistors
Q11 through Q41.

Therefore the base common current gain of the re-
specttve injector transistors Q11 through Q41 is ad-
justed and maintained at a value of 1.0.

FIGS. 6A-6B shows yet another embodiment ac-
cording to the present invention. This embodiment is
substantially similar to that of FIG. 5, but is further
modified to add a 8 adjusting circuit 120 to each of the
respective stages of the D/A converter. This embodi-
ment also includes a bias circuit comprised of current
source I' and 3 diodes, D1, D2 and D3.

The S adjusting circuits 120 for each of the respective
stages are substantially identical. In the first stage, tran-
sistors Q11" and Q12' form an I2L circuit associated
with inverter transistor Q12. Injector transistor Q11
has its emitter 122 connected through constant current
source 124 to a first power supply terminal 72, its base
electrode 126 connected to a second power supply ter-

minal 90 and its collector 128 connected to base 130 of
transistor Q'12. The inverter transistor Q’'12 has one of

a plurality of collector electrodes 132 being connected
to its base 130, its remaining output collector electrodes
132 connected to the emitter of transistor Q14 and its
emitter 134 connected to power supply terminal 90. The
output collector electrodes 132 of transistor Q'12 are

effectively connected to the output collectors 38 of

transistor Q12 of inverter transistor Q12 through the
emitter-base circuit of transistor Q14.

It should be noted that the inverter transistor Q'12
has one more output collector electrode 132 than the
corresponding output transistor Q12 of stage 1 of the
D/A converter. This is also true for the inverter transis-
tors Q'22, Q32 and Q'42 with respect to the corre-
sponding inverter transistors Q22, Q32 and Q42 in the
second, third and fourth stages.

The input to the first stage 1s through transistor Q15
which has emitter 136 connected to power supply ter-
minal 90 and respective collector electrodes connected

to base 56 of transistor Q12 and base 130 of transistor
Q'12.
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As will now be described, each of the succeeding
f-adjusting circuits 120 are similarly connected to the
respective stages of the D/A converter. In the second
stage, B-adjusting circuit 120 comprised of transistors
Q'12 and Q’22 are connected in an I2L circuit associated
with the output transistor Q22. Injector transistor Q'12
has emitter 140 connected through constant current
source 142 to the first power supply terminal 72, base
144 connected to second power supply terminal 90 and
collector 146 connected to base 148 of inverter transis-
tor Q'22. Transistor Q'22 has a plurality of collectors
150, one of which is connected to base 148 and the
remaining output collectors 150 are connected to the
inverter transistor Q22 through transistor Q24. Emitter
electrode 152 of inverter transistor Q'22 is connected to
the power supply terminal 90. The input to the second
stage 1s through transistor Q25 having an emitter 154
connected to power supply terminal 90 and respective
collector electrodes 156 connected to the base 58 of
transistor Q22 and base 148 of transistor Q’'22. |

The third stage of the D/A converter has 3-adjusting
circutt 120 comprised of injector transistor Q13' and
inverter transistor Q32' connected in an I2L circuit.
Injector transistor Q13 has emitter 160 connected
through constant current source 162 to a first power
supply terminal 72, base 164 connected to a second
power supply terminal 90 and collector 166 connected
to base 168 of transistor Q'32. The inverter transistor
Q'32 has a plurality of collectors 170 one of which is
connected to base 168 and the remaining output collec-
tors 170 are connected to inverter transistor Q32
through transistor Q34. Inverter transistor Q'32 further
has emitter 172 connected to the second power supply
terminal 90. The input to the third stage is through
transistor Q35 having emitter 174 connected to power
supply terminal 90 and respective collectors 176 con-
nected to base 60 of transistor Q32 and base 168 of
transistor Q'32.

Finally, the S-adjusting circuit 120 of the fourth stage
1s comprised of injector transistor Q'14 and inverter
transistor Q'42 connected in an I2L circuit arrangement.
Injector transistor Q'14 has emitter 180 connected
through constant current source 182 to first power
supply terminal 72, base 184 connected to second power
supply source 90 and collector 186 connected to base
188 of inverter transistor Q’42. The inverter transistor
(Q'42 has a plurality of collector electrodes 190, one of
which is connected to base 188 and the remaining out-
put collectors are connected to inverter transistor Q42
through transistor Q44. Inverter transistor Q'42 further
includes an emitter 192 connected to power supply
terminal 90. The input signal is applied to the fourth
stage through transistor Q45 which has an emitter 194
connected to power supply terminal 90 and respective
collectors 196 connected to base 62 of transistor Q42
and base 188 of transistor Q'42.

The digital input signals V1, V2, V3 and V4 are ap-
plied through the respective base electrodes of input
transistors Q15, Q25, Q35 and Q45. In this circuit, the
output current is the sum of the collector currents of
output transistors Q12 through Q42 and the base cur-
rents of transistors Q14 through Q44.

For example, referring to the second stage of the
D/A converter of FIG. 6, the base current 157 supplied
to transistor Q22 is:

Ippn=anlin+(1—a)in—Ic=(1+az1 —a2.

Min—Ic22 (7)
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wherein ajj, ajz are the base common current gain
respectively for transistors Q21 and Qya;
122 1s the collector current of transistor ;.
Assuming that ay; equals ajzz, equation (7) can be
rewritten as:

I = Iy — Icp (3)

l

23 3 Ic

wherein 373 is the emitter common current gain of tran-
sistor Q22.

As described above, equation (8) shows that by the
addition of transistor Q23, the a adjustment for injector
transistor Q21 is effected to maintain a constant. From
equation (8), Ic22 can be calculated as follows:

N (9)
fen ==—""5—
" B»

3
~ ] — ——— i
( B22 ) N

So the output current Ipy7 22 of transistor Q22 is:

IouT2 =212 (10)

3
=2(1_ 822 ) Iy

However, the emitter current 1.4 of transistor Q24 is

Ina = 3 Iy (11)
a1z I
4 .
| ,
+ B22

= 3

Wherein, a'yz is the base common current gain of
transistor Q'13; 822" is the emitter common current gain
of transistor Q’y2; Ic22 1s the collector current of transis-
tor Q'z2; and I;anp is the current of current source I/an.

Assuming that the gain (3’ 1s 1.0, equation (11) can be
‘rewritten as follows:

(12}

S
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Further assuming that the base common current gain 60

ayq4 of transistor Qo4 is 1.0, the collector current 14 of
transistor Qa4 is equal to the emitter current 1.74. There-
fore the base current Ig4 of transistor Q4 can be ex-
pressed as follows:

Iy (13)

B24

g4 =

65

8

-continued

sl 4
- B24 B148'22

) Iinn

3 I
B24

i

wherein 3,4 is the emitter common current gain of tran-
sistor Q4.

Therefore the output current Ioyr; is expressed as
follows:

Iour: = Iout22 + Im24 (14)

3 Iinn
21 ] - —m— I 3
( B22 ) IN T

B24

RY§2p)
824

Assuming that 837 equals 824 and Inn equals 2 X1,
equation (13) can be reduced to the following expres-
S1011:

6
2 Iy — (—13_2_2_ Iy

Touyr=2INn (15)

It is apparent from the above discussion that the em-
bodiment of FIGS. 6A-6B makes the necessary a and 3
adjustments to achieve a correct and stable output for
the D/A converter. It should be noted that in this em-
bodiment, the number of output collector electrodes of
the respective transistors Q12’, Q22', Q32' and Q43’ are
selected to be 2, 3, 5 and 9 so that the constant current
sources Iy, Inn, In3and Ing have respective currents of
In, 21N, 41y and 81 .

Thus one skilled in the art, understanding the above
disclosed and described invention, could develop varia-
tions on the invention without departing from the spirit
and scope of the invention and should not be limited to
the specific embodiments described.

What 1s claimed is:

1. A digital-to-analog converter which converts an
input digital signal consisting of a plurality of bits into
an analog output signal comprising:

a plurality of stages equal in number to the number of
bits of said input digital signal, each stage having an
input terminal and an output terminal respectively,
including:

(a) a first transistor having a base, an emitter, and a
plurality of collector electrodes, one of said col-
lector electrodes being connected to said base
electrode, the remaining collector electrodes
being connected to said output terminal, and the

base electrode being connected to said input
terminal,

(b) a first reference voltage source connected to the
emitter electrode of said first transistor,

(c) current means including a first current source
and a second transistor having a base electrode
connected to the emitter electrode of said first
transistor, a collector electrode connected to the
base electrode of said first transistor, and an
emitter electrode connected to said first current
source, and

(d) an a-adjusting circuit including a second cur-
rent source and a third transistor having a base
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electrode connected to the collector electrode of
sald second transistor, a collector electrode con-
nected to the emitter electrode of said first tran-
sistor, and an emitter electrode connected to the
second current source,
each of said bits of said input signal being applied to a
respective input terminal of said plurality of stages and
the respective output terminals of said stages being
connected together to produce said analog output sig-
nal.
2. The digital-to-analog converter according to claim
1 wherein said first and second current sources generate
the same current. .
3. The digital-to-analog converter according to claim
2 1in which each stage further comprises a 8-adjusting
circuit which includes:
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(a) a fourth transistor having a base electrode con-
nected to said input terminal, an emitter electrode
and a plurality of collector electrodes, one of said
collector electrodes being connected to the base
electrode of said fourth transistor,

(b) a second reference voltage source connected to
the emitter electrode of said fourth transistor,

(c) a constant current source connected to the base
electrode of said fourth transistor,

(d) a fifth transistor having a base electrode con-
nected to said output terminal, an emitter electrode
connected to the remaining collector electrodes of
sald fourth transistor, and

(e) a third reference voltage connected to the collec-

tor electrode of said fifth transistor.
: 3 - 3 ¥* * *
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